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ABSTRACT

The retardation of the hydrogen oxidation reaction, which com-
mences at about 0.7 v (NHE) in sulfuric acid solution, can be modified
by the presence of formate ions. Steady-state, potentiostatic measure-
ments were made in formic acid solution and formic acid-sulfuric acid
solution, both in the presence and absence of hydrogen.

The work showed that at potentials under 1.5 v passivity was due to
adsorbed anions rather than adsorbed oxygen atoms, Pt oxides, or free
radicals formed by the oxidation of water. Pure formic acid solutions
were not passivated below 1.5v; however, formate ions did retard hydro-
gen oxidation but not as strongly as sulfate ions. The oxidation of formic
acid in solutions containing sulfuric acid was affected by adsorption of
both sulfate and formate ions. The retardation of the net oxidation of
hydrogen and formic acid in formic acid-sulfuric acid mixtures was less
than that of hydrogen in sulfuric acid. In the presence of dermasorbed
oxygen, both formate and sulfate ions strongly retard the oxidation of
added species. The effect of potential on reaction rate appears to depend
on the particular organic species adsorbed and may reflect the potential
of zero charge.
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EFFECTS OF OXIDIZABLE ANION ADSORPTION
ON THE ANODIC BEHAVIOR OF PLATINUM

INTRODUCTION

Several recent papers (1-3) from NRL have indicated that under steady-state, potentio-
static conditions the retardation of the hydrogen oxidation reaction on aPt anode, which
commences at potentials about 0.7 v positive to the equilibrium hydrogen potential, is
caused by anion adsorption. The possibility of this passivation being due to adsorbed oxy-
gen atoms, oxides, or oxygen-containing free radicals was shown to be improbable because
of the very rapid reaction of such oxygen species with hydrogen.

To further demonstrate the thesis that inert-anion adsorption can be the primary cause
of retardation of the oxidation of reactable species at anodic potentials, experiments were
designed to determine the effects of reactable (oxidizable) anions. Such oxidizable anions
should compete with inert anions adsorbed at anodic potentials and may affect reaction rates.
In addition, the total replacement of an inert anion with a readily oxidizable anion should
eliminate or appreciably reduce passivation due to anion adsorption.

It was felt that an ideal oxidizable anion for this work would be formate ion, which is
the simplest type of organic anion. It should be easily adsorbed at positive potentials and
is fairly easily oxidized. Formate ions and formic acid could be dissociated on a Pt elec-
trode, and neutral products, such as atomic hydrogen, carbon monoxide, and carbon dioxide,
could be formed. However, if formate ion can adsorb on the anode surface (or highly polar-
izable formic acid, free radicals, or similar species), competition with inert anions are
possible, and information concerning the effects of such adsorbed species* on the rate of
anodic reactions would be available.

EXPERIMENTAL PROCEDURE

The experimental high-purity, gas-tight setup and conditions were the same as pre-
viously used (1,4). The solutions were M formic acid, and 0.1M and M formic acid in
iM sulfuric acid solution. Each solution was investigated under both helium and hydrogen
saturated conditions (atmospheric pressure). The formic acid was reagent grade. An
initial run through the potential range up to 2 v was made before data were recorded. The
concentrations of formic acid given are the initial values; losses in concentration due to
electrochemical reaction, decomposition, and vaporization during each experiment did
occur. Titrations of acid content after termination of a run (some lasted for over a month)
showed decreases in the order of 25 to 40% of formic acid. However, changes in the poten-
tiostatic current-density-vs-voltage relations were not appreciable during a series of runs.
In several cases, formic acid was added during a run to approximately approach the initial
concentration. This made little difference.

It should be emphasized that this work was designed to determine the steady-state,
potentiostatic behavior of formic acid oxidation and oxidation of hydrogen and formic acid
mixtures with especial interest in the influence of the formic acid (or a derivative) on the

*No attempt was made in this work to determine the actual organic species whic were
adsorbed or oxidized, and the terms formic acid and formate ion are not used in a strict
sense.
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passive behavior of Pt in the. potential region above 0.7 v (NHE). No attempt was made to
correct for IR losses in the low-conductivity, pure formic acid solutions, to conduct a
mechanistic or kinetic study which involved the various by-products of formic acid, or,
indeed, to determine what the reaction steps or products were. The goal was to study the
effects of formate-ion adsorption (or other oxidizable by-products)-in particular the effects
of such species on the adsorption of an inert anion (sulfate ion) and on the reactability of
oxidizable species on a Pt anode.

The two bright Pt-bead (99.99%/) working electrodes used were about 0.5 cm2 in true
area (5), and the temperature was 25 ± 2C. The gas flow into the cell was about 40 ml/min,
until a steady-state current density was reached. The time necessary to attain this steady-
state current density varied from a few minutes to more than a day, depending on both the
set potential and the previous sequence of potentials. The gas-flow rate was then increased
to well over 1000 ml/min, and the constant current density was recorded. Potentiostatic
control was accomplished with a Pt-wire reference electrode for one series of runs and
with a Pd-wire reference in a side arm for another series. The presence of a Pd wire
made no apparent difference in the potentiostatic measurements. When hydrogen flowed,
either a Pt/H 2 reference electrode or a miniature glass electrode was used to monitor the
potential. The results were the same in either case. In the helium-saturated solution the
potential-monitoring reference was always a miniature glass electrode. All potentials are
referred to the normal hydrogen electrode (NHE) with the exception of the data in pure
formic acid solutions, where the reference electrode is the hydrogen electrode, same sol-
ution (H.E.S.S.). To change the scale for these formic acid solutions to NHE would require
a reduction of the H.E.S.S. values by about 0.1 v.

Cyclic current fluctuations usually ranging from about 10 to 20%were observed in the
potential region between 0.3 and 1 v and on the decreasing-potential sequence from 1.3 to
0.9 v. The values shown in the figures are average values. The scatter of points was
essentially the same as found for pure hydrogen (Fig. 1, Ref. 1). At least three increasing
and decreasing potential sequences were determined, and wherever critical changes occurred,
many additional checks were run. Figure 1 demonstrates the current-density-vs-time
relation typically found when the potential was changed in regions where slow changes
occurred.
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RESULTS AND DISCUSSION

Figures 2 and 3 show the potentiostatic current-density-vs-potential relations obtained
in M formic acid in both helium-stirred and hydrogen-stirred solution. Figure 2 is for
the increasing-potential sequence, whereas Fig. 3 is for the decreasing-potential sequence.
The broken line in Figs. 2 to 7 is either the increasing or decreasing potential sequence
for the oxidation of water in helium-saturated M sulfuric acid solution (4), and the dotted
line in each figure is either the increasing or decreasing potential sequence for the oxida-
tion of hydrogen (1) in M sulfuric acid solution.

The M formic acid curve in Fig. 2 shows that although the rate of oxidation of formic
acid is much slower than hydrogen oxidation, there is no passivation of the Pt electrode to
the formic acid oxidation below 1 v. Indeed, the rate of oxidation of formic acid increases
with potential or remains constant in several potential regions until a potential of 1.6 v
(H.E.S.S.) or about 1.5 v (NHE) is reached. From about 1.0 v to 1.8 v the rate of formic
acid oxidation is about one order of magnitude faster than the rate of hydrogen oxidation
in sulfuric acid solution.

The mixture of formic acid and hydrogen, as illustrated in Fig. 2, shows a great
increase in the rate of oxidation at potentials below 1.0 v. This shows that the primary
reaction in this region is the oxidation of hydrogen. The formic acid under these potential
conditions retards the hydrogen oxidation reaction. There is a retardation of the oxidation
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Fig. 2 - Potentiostatic anodic current
density-vs-potential relation on a bright
Pt electrode for the increasing-potential
sequence. The solid lines represent M
formic acid in helium-saturated and
hydorgen- saturated solutions (1 atm). The
broken line represents M sulfuric acid in
a helium-saturated solution. The dotted
line r e pr e s e n t s M sulfuric acid in a
hydrogen- saturated solution. H.E.S .S. is
the hydrogen electrode, same solution.



S. SCHULDINER

2.2

2.0

01.4 -

u 1.2 -1

I-

o 1.0 MIM l-H2S0 4+H2

W .. ~/... . . . . . . . .w / ,.~~~~~~~~~~~~~~~~~~~~~~~.......
0.8 -

0 .6 IM H2 S04

0.4-

0.2

O 11 1 1 111 I LI III I I 1 11 1 1 1 111llweA o*{@lt
10 -8 10-7 10-6 10-5 10-4 10-3

CURRENT DENSITY (A/cm2 )

Fig. 3 - Potentiostatic anodic current
density-vs-potential relation on a bright
Pt electrode for the decreasing-potential
sequence. The solid lines represent M
formic acid in helium-saturated and
hydrogen-saturated solutions (1 atm). See
the caption for Fig. 2 for the meaning of
the solid, broken, and dotted lines. H .E .S .S.
is the hydrogen electrode, same solution.

reaction at about 0.8 to 1.2 v, but it is not as sharp as for pure hydrogen in sulfuric acid
solution. At potentials more noble than 1.2 v, the rate of oxidation of the formic acid-
hydrogen mixture is essentially the same as for formic acid alone.

The data in Fig. 2 clearly show that passivation of Pt for formic acid oxidation does
not occur below 1.6 v. Hence, the formation of either oxides or adsorbed oxygen atoms
which passivate the electrode is not possible. In the case of the formic acid-hydrogen
mixture, formate ion most likely is being adsorbed, which in fact retards the hydrogen
oxidation reaction, even though the formate ion itself can be oxidized but at a much slower
rate. Determinations of the overall rate of oxidation of a monolayer of Pt-Oad with formic
acid gave reaction rates of about 5 x 10-4 amp/cm2 . Thus, the rate of reaction of adsorbed
oxygen atoms with formic acid is well over two to three orders of magnitude faster than
the oxidation of water in the potential range from 0.7 to 1.6 v. Hence, significant amounts
of oxygen cannot remain on the surface below 1.6 v.

The data for the decreasing-potential sequence, Fig. 3, clearly show that from 1.7 to
0.9 v, the behavior of formic acid, formic acid plus hydrogen, and hydrogen in sulfuric acid
solution is virtually identical. Evidently, the formation of dermasorbed oxygen decreases
the catalytic activity of the Pt so much that the rate of oxidation of formic acid is identical
to that of hydrogen in the presence of sulfate ions. However, the rate of water oxidation
under similar potential conditions is still significantly slower. It should be mentioned that
the presence of dermasorbed oxygen also considerably reduces the reaction rate of ad-
sorbed oxygen with oxidizable species such as hydrogen (6). However, it is doubtful that
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adsorbed oxygen is an important factor under these conditions. This is because the re-
duced reaction rate between adsorbed oxygen and hydrogen or formic acid would still be
well above the rate of water oxidation.

Potentiostatic polarization curves (increasing-potential sequence) for a formic acid-
sulfuric acid mixture at two nominal concentrations of formic acid (0.1 and 1M) are shown
in Fig. 4. Here again, even though at lower potentials, the rate of oxidation of formic acid
is considerably slower than that of hydrogen; no passivation occurs at 0.7 v. Passivity is
evident at about 1.6 v only. Furthermore, in the potential range between 1.2 and 1.6 v, the
rate of oxidation of formic acid is greater than that of hydrogen. At potentials above 1.7 v,
where the principal reaction is the oxidation of water to oxygen, formate ions slightly in-
crease the net oxidation current.

For the potential-decreasing sequence shown in Fig. 5, in the potential range from
1.7 to 0.9 v, the rate of the oxidation of formic acid mixed with sulfuric acid is well below
that of either formic acid, formic acid plus hydrogen, or hydrogen in sulfuric acid solution
(Fig. 3). This shows that sulfate-ion adsorption on the Pt electrode containing dermasorbed
oxygen retards the formic acid oxidation considerably more than the hydrogen oxidation.
Thus, under similar conditions of sulfate ion plus dermasorbed oxygen, hydrogen is more
readily oxidized than is formic acid. This indicates that even though formate ions may be
present, the bulk of the coverage of the electrode'is with sulfate ions and that under similar
surface conditions and at high positive potentials the electrostatic attraction of formate ions
does not have as great a bearing on the rate of oxidation as does the presence of a neutral
but more easily oxidizable species such as hydrogen. This is in contrast with the case of
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Fig. 4 - Potentiostatic anodic c u r r e n t
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Fig. 5 - Potentiostatic anodic c u r r e n t
density-vs-potential relation on a bright
Pt electrode for decreasing-potential se-
quence. The solid lines represent 0.1 and
lM formic acid in M sulfuric acid in a
helium-saturated solution. See the title
for Fig. 2 for the meaning of the broken
and dotted lines.

the increasing-potential sequence (Fig. 4), where formate ions do effectively compete
with sulfate ions. The difference is most likely due to the reduction in catalytic activity
owing to dermasorbed oxygen. The dermasorbed oxygen affects the rate of formic acid
oxidation much more than that of hydrogen.

The data shown in Figs. 6 and 7 show the potentiostatic behavior in formic acid plus
sulfuric acid in the presence of hydrogen for the increasing and decreasing potential
sequence, respectively. Figure 6 shows that in the active low-potential range, high con-
centrations (M) of formic acid in the presence of sulfate ion retard the hydrogen oxida-
tion rate considerably more than in the absence of sulfuric acid (Fig. 2). At low concen-
trations of formic acid (0.1M), however, oxidation of hydrogen is affected only moderately.

In the potential range from 0.7 to 1.6 v, passivation does occur as in the case of pure
hydrogen; however, the presence of formic acid has a moderating effect and significantly
increases the rate of the net oxidation reaction. This is believed to be due to the com-
petitive adsorption of formate ions which can be oxidized and can contribute to the net
anodic current. Figure 7 again shows that the presence of formic acid considerably re-
tards the hydrogen oxidation reaction when dermasorbed oxygen is present. In the low
current-density regions shown in both Figs. 5 and 7, water oxidation may contribute
significantly to the net current density.

Investigations of formic acid oxidation (7,8) offer only a limited amount of information
on the steady-state, potentiostatic oxidation of formic acid at potentials positive to 0.9 v.
Gilroy and Conway (9) refer to data from Conway's laboratory which indicate a passivation
of formate-ion oxidation in aqueous solution at about 1 v. They attribute this passivation
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Fig. 6 - Potentiostatic anodic current
density-vs -potential relation on a bright
Pt electrode f or increasing-potential
sequence. The solid lines represent
0.1 and M formic acid in M sulfuric
acid in a hydrogen-saturated solution.
See the title for Fig. 2 for the meaning
of the broken and dotted lines.
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Fig. 7 - Potentiostatic anodic current
density-vs-potential relation ona bright
Pt electrode for decreasing-potential
sequence. The solid lines represent
0.1 and M formic acid in M sulfuric
acid in a hydrogen-saturated solution.
See the title for Fig. 2 for the meaning
of the broken and dotted lines.
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to the presence of a passivating "oxide." For pure formic acid-potassium formate solu-
tions, Conway, et al. (10), indicated passivation by the formation of intermediates. The
results reported here (Fig. 2) indicate no passivation in aqueous formic acid solution up
to 1.6 v. The data obtained in this investigation verify previous findings (1-3) that passi-
vation in the vicinity of 0.7 v is due to sulfate-ion adsorption rather than the formation of
adsorbed oxygen, an oxide, or other oxidation products of water. Water oxidation is too
slow below 1.6 v, and the oxidation products of water on a Pt surface react so rapidly with
oxidizable species in solution that the possibility of the buildup of a passive layer by such
oxygen species is most unlikely. Only at high noble potentials is the combined effects of
anion adsorption and sorbed oxygen adequate to effectively retard the oxidation of hydrogen
and formic acid. At sufficiently noble potentials, the rate of water oxidation exceeds the
rate of hydrogen and/or formic acid oxidation.

The data can therefore be reasonably explained by attributing passivity to anion ad-
sorption. As shown in Fig. 2, formate ion can cause passivation of the hydrogen oxidation
reaction, but the retardation of the reaction rate is much less than for inert sulfate ions.
Since formic acid is more difficult to oxidize than hydrogen, it would tend to increase the
retardation if oxygen passivated the Pt electrode, but the reverse is obtained.

One may argue that some formate ion attracted to the positive surface in the passive
region may cause a partial breakdown of a passive oxygen layer and, thereby, increase
the rate of oxidation. However, this is not borne out by the behavior observed in the
decreasing-potential sequence curves (Figs. 3, 5, and 7). Figure 3 shows that in the
presence of dermasorbed oxygen the formate ion retards the rate of hydrogen oxidation
just as much as does sulfate ion. The data in Figs. 5 and 7 show that in the presence of
dermasorbed oxygen and both sulfate and formate ions, the rate of oxidation of hydrogen
is less than in the presence of only sulfate or formate ion (Fig. 3). Figure 2 clearly shows
that even though formate ion does not passivate its own oxidation below 1.6 v, it passivates
hydrogen oxidation at 0.8 v. In addition, a breakdown in passivity due to formate-ion
adsorption assumes a complete oxygen coverage of the Pt surface at potentials in the
vicinity of 0.7 v. Data previously given (2) show that such a complete oxygen film is not
obtained. The M formic acid-IM sulfuric acid curve in Fig. 4 shows that a limiting cur-
rent density is reached at 0.5 v, and passivation does not occur until 1.5 v. Contrasting
this with the results for M formic acid shown in Fig. 2, the initial limiting current
density occurs at 0.8 v. These results show that sulfate ions do play an important role
in the oxidation of formic acid.

One may speculate on the potential of zero charge (p.z.c.) and the region in which
adsorption of formic acid species are at a minimum. This effect is best seen in Fig. 6
in the 0.1M formic acid-IM sulfuric acid-hydrogen curve. These data show a current-
density maximum between 0.6 and 0.8 v. Below 0.6 v the rate of hydrogen oxidation is
moderately retarded by formic acid, but in the potential range from 0.6 to 0.8 v a current
density of 2 x 10-3 amp/Cm2 is reached. This is exactly the maximum current density
found for pure hydrogen oxidation in high-purity sulfuric acid solution (1). This may
indicate that the p.z.c. is in the vicinity of 0.6 to 0.8 v, because at the p.z.c. the adsorption
of a highly polarizable species, such as formic acid or of formate ion, should be at a min-
imum. The maximum current density of 2 x 10- amp/cm 2 does not decrease until a poten-
tial of 0.8 v. Contrast this to the M sulfuric acid-hydrogen curve which starts decreasing
at 0.7 v. This also shows that formate ion does compete with sulfate ion in the passivation
of the Pt surface.

CONCLUSIONS

This work verifies that at potentials negative to 1.5 v, passivation of a Pt electrode
to the oxidation of hydrogen is not due to the adsorption of species from the oxidation of
water or to the formation of Pt oxides. Passivity is caused by anion adsorption.
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If the oxidizable material exists as an adsorbable anion which can oxidize faster than
water, then no passivation will occur. If a species is present which is more rapidly oxi-
dized than the adsorbable anion, then the oxidation of that species will be retarded when
the potential is noble enough to significantly adsorb such anions.

In the presence of dermasorbed oxygen, passivation in a combination of sulfuric and
formic acids is much more pronounced than in the presence of either acid alone. The
oxidation reaction rates may give a clue as to the p.z.c. in the presence of an organic
species which is both easily polarized and ionized.
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